A new formulation is presented for the thermodynamic properties of refrigerant 143a ͑1,1,1-trifluoroethane, CH 3 -CF 3 ͒ based upon available experimental data. The formulation can be used for the calculation of density, heat capacity, speed of sound, energy, and saturation properties using an equation of state explicit in Helmholtz energy. Ancillary equations are given for the ideal gas heat capacity, the vapor pressure, and for the saturated liquid and vapor densities as functions of temperature. Comparisons to available experimental data are given that establish the accuracy of calculated properties using this equation of state. The estimated uncertainties of properties calculated using the new equation are 0.1% in density, 0.5% in heat capacities, 0.02% in the speed of sound for the vapor at pressures less than 1 MPa, 0.5% in the speed of sound elsewhere, and 0.1% in vapor pressure, except in the critical region. The equation is valid for temperatures from the triple point temperature ͑161.34 K͒ to 450 K and pressures up to 50 MPa, and can be extrapolated to 650 K. It has been accepted as an international standard formulation for the properties of R-143a by the International Energy Agency-Annex 18. © 2001 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
Introduction
Refrigerant 143a ͑1,1,1-trifluoroethane, HFC-143a͒, and more importantly blends containing R-143a, are leading candidates for replacing the ozone-depleting hydrochlorofluorocarbon R-22 ͑chlorodifluoromethane, HCFC-22͒, the production of which will be phased out by the year 2020 under the terms of the Montreal Protocol. The thermodynamic properties of the refrigerant used as the working fluid in a system significantly influence the energy efficiency and capacity of refrigeration equipment, and accurate properties are thus essential in evaluating potential alternative refrigerants and in designing equipment.
A property formulation is the set of equations used to calculate properties of a fluid at specified thermodynamic states defined by an appropriate number of independent variables. A typical thermodynamic property formulation is based on an equation of state which allows the correlation and computation of all thermodynamic properties of the fluid, including properties such as entropy that cannot be measured directly.
In this work, the general term ''equation of state'' refers to the empirical models developed for calculating fluid thermodynamic properties. The term ''fundamental equation'' is often used in the literature to refer to empirical descriptions of one of four fundamental relations: internal energy as a function of volume and entropy, enthalpy as a function of pressure and entropy, Gibbs energy as a function of pressure and temperature, and Helmholtz energy as a function of density and temperature. Modern equations of state for pure fluid properties are usually fundamental equations explicit in the Helmholtz energy as a function of density and temperature. All thermodynamic properties may be calculated without additional ancillary equations for saturation properties through the use of the Maxwell criterion ͑equal pressures and Gibbs energies at constant temperature during phase changes͒. The comparison and evaluation of the available equations of state for R-143a were assigned by Annex 18 to independent evaluators, namely Yukihiro Higashi of the Iwaki Meisei University and Yoshinori Takaishi of the Kanagawa Institute of Technology, both in Japan. Professor Higashi presented their evaluation at the June, 1998 meeting of Annex 18 in Trondheim, Norway. This evaluation followed the same general procedures as the earlier evaluations for R-123 and R-134a, which are described by Penoncello et al. ͑1995͒ and for R-32 and R-125 which are described by Kilner and Craven ͑1997͒. These earlier evaluations of the IEA-Annex 18 resulted in the designation of international standard for-523 523 THERMODYNAMIC PROPERTIES OF HFC-143a mulations for R-134a ͑Tillner- Roth and Baehr, 1994͒, R-123 ͑Younglove and McLinden, 1994͒, R-32 ͑Tillner-Roth and Yokozeki, 1997͒, and R-125 ͑Piao and Noguchi, 1998͒. Since that time, the equation of Sunaga et al. ͑1998͒ for R-125 has been developed which provides improved accuracies in the thermodynamic properties. The Annex has also published a report describing and comparing four mixture models for R-32, R-125, and R-134a, and which is available from the IEA Heat Pump Centre ͑Lemmon, 1998͒.
In the evaluation of Higashi and Takaishi, the equations of Li et al. and of Lemmon and Jacobsen were shown to be nearly equivalent in their representation of the experimental data for R-143a. The differences between the equations were discussed at the Trondheim meeting, and the final decision of the Annex was made based on these differences. The equation of state of Lemmon and Jacobsen was selected as the international standard for R-143a. However, the two formulations are substantially equivalent, and the Annex felt that either equation was acceptable for analysis or design with very little difference in calculated properties. The final decision was based largely on the vapor pressure comparisons at low temperatures, as discussed in Sec. 4.1. The other major difference between the equations was simply a matter of fitting philosophy. The equation of Li et al. tended to fit the average of the more accurate data sets, whereas the equation of Lemmon and Jacobsen tended to fit only one data set in each region.
The equation presented here represents all the selected experimental data within the estimated experimental uncertainties. To minimize the number of coefficients, the new equation of state for R-143a was developed using state of the art optimization and multiproperty fitting algorithms. The equation of state developed in this work is explicit in the reduced Helmholtz energy. Other thermodynamic properties are derived from the equation of state by differentiation. The range of validity of the equation of state for R-143a is from the triple point temperature ͑161.34 K͒ to 450 K at pressures to 50 MPa. It can be extrapolated to 650 K based on graphical verification of derived properties.
In addition to the equation of state, ancillary functions are given for the vapor pressure and the density of the saturated liquid and saturated vapor. These ancillary equations can be used as initial estimates in routines that solve for the saturation boundaries, but are not required to calculate properties from the equation of state. Summaries of the available data for the properties of R-143a are given, and the ranges of these data are tabulated.
Vapor-Liquid Coexistence

Critical Point
Critical parameters for R-143a have been reported by various authors and are listed in Table 1 . The difficulties in the experimental determination of the critical parameters are the probable cause of considerable differences among the results obtained by the various investigators. The critical density is difficult to determine accurately by experiment because of the infinite compressibility at the critical point and the associated difficulty of reaching thermodynamic equilibrium. Therefore, reported values for the critical density are generally calculated by power-law equations, extrapolation of rectilinear diameters using measured saturation densities, or by correlating single-phase data close to the critical point. The critical temperature used in this work was obtained by fitting the data of Aoyama et al. ͑1996͒ and Higashi and Ikeda ͑1996͒ at temperatures above 333 K to the equation c
where T c ϭ345.857 K, c ϭ5.128 45 mol/dm 3 , N 1 ϭ1.1018, N 2 ϭ1.9755, ␤ϭ0.336, T is the saturation temperature, and is the saturation density for the liquid or the vapor. The critical density was fixed at the value given by Higashi and Ikeda ͑1996͒ and the critical temperature was fitted simultaneously with the coefficients of the equation. Equation ͑1͒ is only valid in the critical region. Calculated values from this equation are shown in Fig. 1 
Triple Point
The triple point temperature of R-143a was measured by Magee ͑1998b͒ by slowly applying a constant heat source to This value ͑and other values of the vapor pressure from Duarte-Garza and Magee used in the following section͒ was evaluated from measured internal energy changes in the liquid-vapor two-phase region by the use of a thermodynamic relation between the vapor pressure, its derivative with respect to temperature, and the derivative of the internal energy with respect to volume. For comparison, the value of the triple point pressure calculated from the ancillary equation given in the next section is 1.075 kPa. Table 3 summarizes the saturated liquid and vapor density data for R-143a. The saturated liquid density is represented by the ancillary equation
Vapor Pressure
Saturated Densities
where N 1 ϭ1.795, N 2 ϭ0.8709, N 3 ϭ0.3116, ϭ(1ϪT/T c ), and Ј is the saturated liquid density. Deviations of saturated liquid density values calculated using this equation from experimental values are given in Fig. 3 . The data of Magee ͑1998a͒ were used to develop Eq. ͑6͒, and both the data of Magee and of Defibaugh and Moldover ͑1997͒ are represented within 0.1% in density at temperatures below 330 K. Differences between various data sets are significantly higher than is generally expected for saturated liquid densities as shown in Fig. 3 . However, the data of Magee tend to agree well with the single phase liquid pT data presented in the following sections. The saturated vapor density is represented by the equation
where N 1 ϭϪ3.072, N 2 ϭϪ8.061, N 3 ϭϪ23.74, N 4 ϭϪ61.37, and Љ is the saturated vapor density. Since experimental values for the saturated density are available only at temperatures above 335 K, additional vapor density data used to develop Eq. ͑7͒ were calculated from the equation of state presented in the next section at various temperatures along the saturation line using the Maxwell criterion. Deviations of saturated density values in the critical region calculated using Eqs. ͑6͒ and ͑7͒ from experimental values are given in Fig. 4 . Deviations between values calculated from these equations and from Eq. ͑1͒ are also shown in this figure.
The Equation of State for R-143a
The equation of state for R-143a has been formulated using the Helmholtz energy as the fundamental property with independent variables of density and temperature. The equation of state is given by
where a is the Helmholtz energy, a 0 (,T) is the ideal gas contribution to the Helmholtz energy, and a r (,T) is the residual Helmholtz energy which corresponds to the influ- 526 526 E. W. LEMMON AND R. T JACOBSEN ence of intermolecular forces. All thermodynamic properties can be calculated as derivatives of the Helmholtz energy. For example, the pressure derived from this expression is
The functional form used for the new equation for R-143a is explicit in the dimensionless Helmholtz energy, ␣, using independent variables of dimensionless density and temperature. The form of this equation is
where ␦ϭ/ c , ϭT c /T, the critical temperature (T c ) is 345.857 K, and the critical density ( c ) is 5.128 45 mol/dm 3 as given in Sec. 2.1. The equation for the ideal gas Helmholtz energy is given in Sec. 3.1 and the equation for the residual Helmholtz energy is given in Sec. 3.2.3.
Properties of the Ideal Gas
The Helmholtz energy of the ideal gas is given by
The ideal gas enthalpy is given by
where h 0 0 ϭ33 936.4 J/mol is the value at T 0 ϭ273.15 K, and c p 0 is the ideal gas heat capacity given by Eq. ͑16͒ below. The ideal gas entropy is given by
where s 0 0 ϭ198.961 J/͑mol•K͒ is the value for entropy at T 0 ϭ273.15 K and p 0 ϭ0.001 MPa, and 0 is the ideal gas density at T 0 and p 0 . The values for h 0 0 and s 0 0 were chosen so that the enthalpy and entropy of the saturated liquid state at 0°C are 200 kJ/kg and 1 kJ/͑kg•K͒, respectively, corresponding to the common convention in the refrigeration industry. Combining these equations results in the following equation for the Helmholtz energy of the ideal gas
The ideal gas Helmholtz energy is given in a dimensionless form by
where ␦ 0 ϭ 0 / c and 0 ϭT c /T 0 .
In the calculation of the thermodynamic properties of R-143a using an equation of state explicit in the Helmholtz energy, an equation for the ideal gas heat capacity, c p 0 , is needed to calculate the Helmholtz energy for the ideal gas, ␣ 0 . Values of the ideal gas heat capacity derived from low pressure experimental heat capacity or speed of sound data are given in Table 4 along with calculated values from statistical methods using fundamental frequencies. Differences between the calculated values arise from the use of different fundamental frequencies and from the models used to calculate the various couplings between the vibrational modes of the molecule. The equation for the ideal gas heat capacity for R-143a, used throughout the remainder of this work, was developed by fitting values reported by Yokozeki et al. ͑1998͒ , and is given by
where u 1 is 1791 K/T, u 2 is 823 K/T, and the ideal gas constant, R, is 8.314 472 J/͑mol•K͒ ͑Mohr and Taylor, 1999͒. The Einstein functions containing the terms u 1 and u 2 were used so that the shape of the ideal gas heat capacity with respect to temperature would be similar to that derived from statistical methods, however, the empirical coefficients in u 1 and u 2 should not be used to calculate the fundamental frequencies.
Comparisons of values calculated using Eq. ͑16͒ to the ideal gas heat capacity data are given in Fig. 5 
Properties of the Real Fluid
Unlike the equations for the ideal gas, the nonideal gas, or real fluid, behavior is described using empirical models that are only loosely tied with theoretical techniques. Equations for the second and third virial coefficients can generally be extracted from the fundamental equation, however, the terms in the equation are empirical and are determined by correlation techniques using experimental data. The coefficients of the equation reported here depend solely on the experimental data described in Sec. 4.
Selected Database
The units adopted for this work were K ͑ITS-90͒ for temperature, MPa for pressure, and mol/dm 3 for density. Units of the experimental data were converted as necessary from those of the original publications to these units. All temperatures were converted to the International Temperature Scale of 1990 ͑ITS-90͒ ͑Preston-Thomas, 1990͒.
The pT data selected for the determination of the coefficients of the equation of state are described in Sec. 4. Data used in fitting the equation of state for R-143a were selected to avoid redundancy in various regions of the surface. In total, 835 data points out of the 2811 available for pT data and 86 data points out of the 594 available for speed of sound were used in the nonlinear fitting procedure described in the next section. In addition to these data, 31 isochoric heat capacity data, 5 saturated liquid heat capacity data, and 15 calculated second virial coefficients were used in the fit. Thirteen vapor pressure values were also used in the regression.
Fitting Procedures
The development of the equation of state is a process of correlating selected experimental data by least-squares fitting methods using a model which is generally empirical in nature, but is designed to exhibit proper behavior in the ideal gas and low density regions and to extrapolate to temperatures and pressures higher than those defined by experiment. In all cases, experimental data are considered paramount, and the proof of validity of any equation of state is evidenced in its ability to represent the thermodynamic properties of the fluid within the uncertainty of the experimental values, and in its ability to extrapolate outside the range of experimental data. The selected data are usually a subset of the available database determined by the correlator to be representative of the most accurate values measured. The type of fitting procedure ͑e.g., nonlinear versus linear͒ determines how the experimental data will be used. In this work, a much smaller subset of the most accurate data was used in the nonlinear fitting due to the extensive calculations required to develop the equation. The resulting equation was compared to all experimental data to verify that the data reduction had not affected the fit. The data for R143a are discussed in detail in Sec. 4 and comparisons of calculated properties to experimental values are given to verify the accuracy of the model developed in this research.
Two methods were used to arrive at the final equation of state for R-143a. Initial equations were developed using linear regression techniques by fitting pT data, isochoric heat capacity data, linearized sound speed data, and second virial coefficients, as well as vapor pressures calculated from the ancillary equation. This process has been widely used to develop equations of state over the last several decades and typically results in equations with 28-35 terms. In this work, the best equation developed from the linear regression was used as the starting point for the second method discussed below. Details about the liear regression algorithm can be found elsewhere ͑Wagner, 1974; Lemmon et al., 2000͒. Once a preliminary equation had been developed, nonlinear fitting techniques were used to shorten and improve the equation. Only a subset of the primary data was used. The nonlinear algorithm adjusted the coefficients of the equation of state to reduce the overall sum of squares of the deviations of calculated properties from the input data. Each data point was individually weighted according to type, region, and uncertainty. The values of the first and second derivatives of pressure with respect to density at the critical point were fitted so that their values would be near zero at the selected critical point given in Sec. 2.1. In addition, the exponents for density and temperature, given below in Eq. ͑18͒ as i k and j k , were also determined simultaneously with the coefficients of the equation. To reduce the size of the equation, terms were eliminated by either deleting the term that contributed least to the overall sum of squares or by combining two terms that had similar functional forms ͑similar contributions to the equation of state͒. After a term was eliminated, the fit was rerun until the sum of squares with the new equation was of the same magnitude as the previous equation. The final functional form resulted in an equation with 17 terms.
The exponents on density in the equation of state must be integers so that the derivatives of the Helmholtz energy with respect to density are zero in the ideal gas limit. Since noninteger values for the density exponents resulted from the nonlinear fitting, a process of rounding a density exponent to the nearest integer, followed by refitting the other parameters to minimize the overall sum of squares, was implemented In addition to reducing the number of individual terms in the equation compared to that produced by conventional linear least-squares methods, the extrapolation behavior of the shorter equations will generally be more accurate because there are less degrees of freedom. In the longer equations, two or more correlated terms are often needed to reproduce the accuracy of a single term in the nonlinear fit. The values of these correlated terms are often large in magnitude, and their behavior outside the range of validity of the equation is often unreasonable.
Equation for the Residual Helmholtz Energy
The original equation presented to the IEA Annex-18 was a 20 term Helmholtz equation with a critical temperature of 345.88 K. Further analysis of the equation after the Annex meeting showed an anomaly in the ideal Joule inversion curve ͑given in Sec. 4.4͒ which was caused in part by two of the terms in the equation with negative exponents on . Such terms are quite common in typical equations of state but they often cause extrapolation problems at high temperatures (T/T c Ͼ5). Additional analysis of the critical region saturated density data showed that the selected critical temperature for the preliminary equation was slightly too high, and that the value of 345.857 K gave better results ͑see Fig. 1͒ . Thus, the equation was further optimized with a new T c , and the anomalous behavior of the ideal Joule inversion curve was eliminated. In addition, the number of terms in the final equation was reduced from 20 to 17. The accuracy of properties calculated using the final equation is equivalent to that of the preliminary equation presented to the IEA Annex-18.
The final functional form for the residual Helmholtz energy for R-143a is
͑18͒
The coefficients N k of this equation are given in Table 5 .
Although the values of i k , j k , and l k are arbitrary, j k is generally expected to be greater than zero, and i k and l k are integers greater than zero.
The functions used for calculating pressure, compressibility factor, internal energy, enthalpy, entropy, Gibbs energy, isochoric heat capacity, isobaric heat capacity, and the speed of sound from Eq. ͑10͒ are given as Eqs. ͑19͒-͑27͒. These equations were used in calculating the tables of thermodynamic properties of R-143a given in the Appendix. 
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Equations for the fugacity coefficient and second and third virial coefficients are given in Eqs. ͑28͒-͑30͒.
Other derived properties, given in Eqs. ͑31͒-͑33͒, include the first derivative of pressure with respect to density ‫,)ץ/‪p‬ץ(‬ the second derivative of pressure with respect to density ‫ץ(‬ 2 p/‫ץ‬ 2 ), and the first derivative of pressure with respect to temperature (‫ץ‬p/‫ץ‬T). where a 1 through a 8 are given in Eq. ͑17͒. The derivatives of the residual Helmholtz energy are given in Eqs. ͑36͒-͑41͒.
Experimental Data and Comparisons to the Equation of State
During the last several years, many experimental studies of the thermodynamic properties of R-143a have been reported, e.g., pT properties, saturation properties, critical parameters, heat capacities, speeds of sound, second virial coefficients, and ideal gas heat capacities. Selected data were used for the development of the new thermodynamic property formulation reported here. Comparisons were made to all available experimental data, including those not used in the development of the equation of state. The data for the coexistence states are discussed and summarized in Sec. 2.
The accuracy of the equation of state was determined by statistical comparisons of property values calculated using the equation of state to experimental data. These statistics are based on the percent deviation in any property X defined as
͑42͒
Using this definition, the average absolute deviation ͑AAD͒ is defined as
where n is the number of data points. The average absolute deviations between experimental data and the equation of state are given in the tables summarizing the data. In Tables  2 and 3 During the course of the IEA Annex-18 meeting in Trondheim to select an international standard for R-143a, this difference was one of the main issues discussed. The final conclusion was that the data of de Vries may have been susceptible to slight impurities and that the accuracy of the historic data of Russell et al. could not be verified. The vapor pressure values of Duarte-Garza and Magee ͑1999͒ calculated from caloric information in the two-phase region were believed to be the most reliable values available. Figure 8 shows comparisons of saturated liquid densities calculated from the equation of state with experimental data. Figure 9 shows similar comparisons, but with saturated liquid and vapor densities in the critical region. The dashed lines in these figures represent the ancillary equations reported in Sec. 2.4. There is a large discrepancy between saturated liquid density data at temperatures above 230 K. Excluding the critical region, these differences are as high as Ϯ1%. The equation of state tends to split the difference between the experimental data, tending more toward the data of Magee ͑1998a͒. There are no saturated vapor density data outside the critical region. In the critical region, the equation of state agrees well with the data of Aoyama et al. ͑1996͒ and Higashi and Ikeda ͑1996͒. The critical point of the equation of state was determined using these data, and the equa- 
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tion of state was fitted as explained in Sec. 3.2.2 to meet the critical point criteria, resulting in consistency of calculated properties with these two recent data sets. The data of Fukushima ͑1993͒ differ significantly from the other two data sets and were not used in the fit.
pT Data and Virial Coefficients
The experimental pT data for R-143a are summarized in Table 6 . The table indicates those data used in the development of the equation of state. Figure 10 shows all available pT data for R-143a. For clarity, data in the critical region are also shown in Fig. 11 . The data used to nonlinearly fit the equation of state are shown in Fig. 12 . The calculated vapor pressure data shown in the figure and used during fitting were generated from the vapor pressure ancillary equation. Table 7 summarizes the sources for the second virial coefficients of R-143a. Additional values for the second virial coefficient were numerically determined by fitting (ZϪ1)/ as a function of density using the data of de Vries ͑1997͒. The additional data are shown in Fig. 15 as circles. These values are given in Table 8 . Data below 0.1 mol/dm 3 were not used since such low density data may be subject to local adsorption by the walls of the apparatus or to higher uncertainties in the measurement of extremely low pressures. The solid lines show isotherms calculated from the equation of state presented here and the solid curve represents the saturated vapor density. The y intercept ͑zero density͒ represents the second virial coefficient at a given temperature, and the third virial coefficient can be taken from the slope of each line at zero density. The values of the second virial coefficient calculated from the equation of state ͑the values of the lines in the figure at zero density͒ agree well with those determined numerically and shown as circles in the figure. Comparisons of second virial coefficients calculated with the equation of state and those determined here ͑given in Table 8͒ are shown in Fig. 16 . For the lowest two isotherms ͑263 and 273 K͒, the uncertainty in the calculated values is higher due to the limited data at densities above 0.1 mol/dm 3 and to the higher curvature in the data. Figure   FIG 
Caloric Data
The sources of experimental data for the speed of sound of R-143a are summarized in Table 9 and shown graphically in Data were derived from the pT data of de Vries and are given in Table 8 .
The data were used in the development of the equation of state. Table 10 and also illustrated in Fig. 17 . Comparisons of values calculated from the equation of state are shown for the isochoric heat capacities in Fig. 20 , saturated liquid heat capacities in Fig. 21 , and isobaric heat capacities in Fig. 22 . Magee ͑1998b͒ measured both the isochoric heat capacity of R-143a and the heat capacity along the saturated liquid line. The average deviation between these data and the equation of state is 0.25% for the isochoric heat capacity and 0.47% for the saturated liquid heat capacity. The deviations of the latter set increase as the temperature approaches the critical temperature ͑i.e., the average deviation is 0.24% rather than 0.47% if the two highest points are discarded͒, however, the uncertainties in these higher temperature data points also increase as discussed by Magee. The sparse information concerning the isobaric heat capacity of R-143a includes four points in the vapor phase by Additional experimental information on the isobaric heat capacity in the liquid is needed to help resolve the differences between the various data sets.
Extrapolation Behavior
Plots of certain characteristic curves are useful in assessing the behavior of an equation of state in regions away from the available data ͑Deiters and de Reuck, 1997 , Span and Wagner, 1997 . The characteristic curves considered in this work are the Boyle curve, given by the equation
the Joule-Thomson inversion curve
the Joule inversion curve
and the ideal curve 
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These characteristic curves for the equation of state for R-143a are illustrated in Fig. 23 . Although the curves in this figure do not provide numerical information, the reasonable shapes of these curves as shown indicate qualitatively correct extrapolation behavior of the equation of state extending to extremely high pressures and temperatures far in excess of the likely thermal stability of the fluid. Plots of constant property lines on various thermodynamic coordinates are useful in assessing the behavior of the equation of state. The equation developed here was used to produce plots of temperature versus isochoric heat capacity ͑Fig. 24͒, isobaric heat capacity ͑Fig. 25͒, and speed of sound ͑Fig. 26͒. These plots indicate that the equation of state exhibits reasonable behavior over all temperatures and pressures within the range of validity and that the extrapolation behavior is reasonable at higher temperatures and pressures. Figure 27 verifies that the equation of state extrapolates to extremely high temperatures and pressures, however, much of this diagram is well above the region where R143a dissociates, and these regions are shown only to illustrate the well behaved nature of the equation.
Estimated Uncertainty of Calculated Properties
The new reference equation of state describes the pT surface with an uncertainty of 0.1% in density at temperatures from the triple point to 450 K and pressures up to 50 MPa. In the gaseous and supercritical region, speed of sound data are represented within 0.02% at pressures below 1 MPa. The estimated uncertainty for heat capacities is 0.5% and the estimated uncertainty for the speed of sound in the liquid phase is 0.5% for TϾ250 K. The saturation values can be calculated from the equation of state by application of the Maxwell criterion, which requires equal Gibbs energies and equal pressures for saturated liquid and vapor states at the same temperature. The estimated uncertainties of vapor pressures and saturated liquid densities calculated using the Maxwell criterion are 0.1% for each property, except in the critical region, and the estimated uncertainty for saturated vapor density is 0.2%. Based on graphical verification of the derived properties, the equation can be extended to 650 K with estimated uncertainties of 0.2% in density and 1.0% in heat capacities and sound speeds.
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Appendix-Tables of Thermodynamic Properties of R-143a
